The 4.8σ anomaly in MiniBooNE data cannot be reconciled with MINOS+ and IceCube data within the vanilla framework of neutrino oscillations involving an eV-mass sterile neutrino. We show that an apparently consistent picture can be drawn if charged-current and neutral-current nonstandard neutrino interactions are at work in the 3+1 neutrino scheme. It appears that either the neutrino sector is more elaborate than usually envisioned, or one or more datasets needs revision.
Introduction. The existence of an eV scale neutrino has been a major open question in neutrino physics for more than two decades. Recently, the MiniBooNE collaboration updated their analysis after 15 years of running, and reported a 4.8σ C.L. excess in the electron and anti-electron neutrino spectra close to the experimental threshold [1] . An explanation of the results via ν µ → ν e oscillation with a mass-squared difference δm 2 ∼ 1 eV 2 , is consistent with the LSND anomaly found at a similar L/E ∼ 1 m/MeV [2] . The two excesses combined have reached a significance of 6.1σ C.L., and urgently call for an explanation that makes them compatible with other experiments.
It is well known that the appearance data are in serious tension with disappearance data in global fits of the 3+1 oscillation framework [3] [4] [5] . To explain the LSND and MiniBooNE excess via sterile neutrino oscillations, a relatively large mixing amplitude sin 2 2θ µe ≡ 4|U e4 U µ4 | 2 = sin 2 2θ 14 sin 2 θ 24 is required. Constraints on |U e4 | = sin θ 14 are provided mainly by reactor neutrino experiments, with Daya Bay contributing a strong constraint on |U e4 | for δm 2 41 < 0.5 eV 2 [6] . Interestingly, recent fits to data from the reactor experiments, NEOS [7] and DANSS [8] , suggest a sterile neutrino interpretation at the 3σ level with δm 2 41 ≈ 1.3 eV 2 and |U e4 | 2 ≈ 0.01 [5, 9] . In particular, since the DANSS experiment measured the ratios of energy spectra at different distances, the results are independent of the uncertain reactorν e flux. Our analysis of the measured bottom/top ratios of the positron energy spectra in Ref. [8] gives the best-fit parameters, δm 2 41 = 1.4 eV 2 , sin 2 θ 14 = 0.016 with a χ 2 value smaller by 10.8 than for the standard no oscillation case. The regions favored by DANSS are shown in Fig. 1 . We see that DANSS data prefer an eV-scale neutrino oscillation with the mixing angle sin 2 θ 14 in the 1σ range, 0.0087 − 0.023. Our results are consistent with those of Refs. [5, 9] after taking into account the large systematic uncertainties due to the energy resolution and the sizes of the source and detector.
Constraints on |U µ4 | = cos θ 14 sin θ 24 , which are mostly driven by the ν µ disappearance experiments at IceCube [10] and MINOS+ [11] , rule out the 3+1 scenario for the MiniBooNE/LSND data. Hence, if we take the results of all three experiments, MiniBooNE, MINOS+ and IceCube, at face value, a baroque new physics scenario must be introduced to explain all the data. In this Letter, we first show that the MINOS+ constraints can be relaxed if there exist charged-current (CC) nonstandard interactions (NSI) in the detector. (An earlier analysis invoked CC NSI in the 3+1 scenario to explain a discrepancy between neutrino and antineutrino oscillations observed in early MiniBooNE data [12] .) It is known that large neutral current (NC) NSI, can suppress the resonant enhancement of high energy atmospheric neutrino oscillations, and weaken the IceCube constraints on sin θ 24 [13] . Since large NC NSI also modify the lower energy atmospheric neutrino spectrum at DeepCore, here we study NSI effects on the combination of IceCube and DeepCore data. Framework. We consider the simplest 3+1 mass scheme, with an eV-mass sterile neutrino in addition to the three active neutrinos. CC and NC NSI are motived by new physics beyond the standard model, and their effects on neutrino oscillations have been extensively studied; for reviews see Ref. [14] [15] [16] . Similar to the stanarXiv:1810.01000v2 [hep-ph] 26 Dec 2018 dard electroweak interactions, the NSI we require can be described by the dimension-six operators,
where α, β ∈ e, µ, τ, s, C = L, R, f = f ∈ u, d, f, f = e, and f C αβ and f f C αβ are dimensionless and parmeterize the strength of the new interactions in units of the Fermi constant G F . The NC NSI mainly affect neutrino propagation in matter, and the CC NSI affect neutrino production and detection. Hence, when both NC and CC NSI are operative, the apparent oscillation probability measured in an experiment can be written as [17] 
with δm 
where V CC = √ 2G F N e is the electron charged-current potential, κ = Nn 2Ne 0.5 is the standard NC/CC ratio, and
Ne is the effective strength of NSI in matter, and N f is the number density of fermion f .
To relax the MINOS+ and IceCube bounds, we employ Occam's razor and assume that only We set θ 34 and all phases to be equal to zero for simplicity. Since the ν e flux is small compared to the ν µ flux at these experiments, and the ν e mixing is suppressed by s 2 13 and s 2 14 , we ignore the ν e component and consider a three flavor system with only ν µ , ν τ , and ν s . After a rotation by R 24 , the Hamiltonian that describes the three neutrino propagation in matter can be written as
where , the measured ν µ → ν µ oscillation probability after averaging over the fast oscillation is
where
and
the measured ν µ → ν µ oscillation probability reduces to the standard three-neutrino result.
In the rest of the paper we choose the following parameter set to demonstrate consistency with various data:
In the left panel of Fig. 2 , we plot the difference of the measured oscillation probabilities between the sterile and 3ν cases at the MINOS+ far detector (FD) after averaging out the fast oscillations. We see that in the presence of CC NSI, the measured oscillation probability at the MINOS+ FD is almost the same as the standard case, so using the MINOS+ FD data alone cannot distinguish the 3+1 case from the standard three-neutrino oscillation case. MINOS/MINOS+ analysis. To analyze the MI-NOS and MINOS+ data, we follow the procedure described in Ref. [11] , with the χ 2 defined as
where x i (µ i ) are the number of observed (predicted) events at the FD, and the covariance matrix V is taken from the ancillary files of Ref. [11] . We modified the oscillation probabilities in the code provided in the ancillary files of Ref. [11] by using the GLoBES software [19] , which includes the new physics tools developed in Ref. [17] . In our analysis, we only use the FD data for two reasons: (i) for the mass-squared difference relevant to LSND/MiniBooNE, the sensitivity to constrain sterile neutrinos at MINOS/MINOS+ mainly comes from the , and the other mixing angles and mass-squared differences are the best-fit values in Ref. [18] . The fast oscillations have been averaged out. The shaded band represents the 1σ systematic uncertainties at the near detector.
FD since the oscillation effects at the MINOS/MINOS+ near detector (ND) are negligible, and (ii) the systematic uncertainties at the ND are very large (see Fig. 2 ) and a precise determination of the spectrum at the ND has been called into question [20] .
Since Fig. 3 . The dashed black curve is extracted from Ref. [11] and was obtained from an analysis of both the ND and FD data, and the solid black curve corresponds to the 3+1 case from our analysis of the FD data only; clearly, the limits are in good agreement for δm large parts of the regions allowed by the appearance data are not constrained by the MINOS/MINOS+ data. From the dashed and dotted red curves we see that NC NSI have a tiny effect on the bounds for eV scale sterile neutrinos. Note that CC NSI also increase the number of events at the MINOS/MINOS+ ND. However, these changes are within the systematic uncertainties at the ND [22] ; see the shaded band in the right panel of Fig. 2 .
IceCube/DeepCore analysis. We now study the atmospheric neutrino constraints in the presence of large NC NSI by combining the IceCube data at high energy and the DeepCore data at low energy. For the IceCube analysis, we follow the procedure of Ref. [13] , which analyzed 13 bins in the reconstructed muon energy range, 501 GeV ≤ E rec µ ≤ 10 TeV, and 10 bins in the zenith angle range, −1 ≤ cos θ z ≤ 0 [23] . For the DeepCore analysis, we use the publicly available data from Ref. [24] , which has 8 bins in the reconstructed energy range, 6 GeV ≤ E observed events at DeepCore is given by
where cos θ z is the cosine of the zenith angle, Φ νµ (E ν , cos θ z ) is the atmospheric ν µ flux at the surface of the earth [25] , P νµνµ (E ν , cos θ z ) is the ν µ → ν µ oscillation probability at the detector, and A ef f is the neutrino effective area given in Ref. [24] . To calculate the statistical significance of an oscillation scenario, we define
where N being the atmospheric muon background per bin. We take the uncertainty in the atmospheric neutrino flux normalization to be σ α = 20% at the energies relevant to DeepCore, and we allow the normalization of the atmospheric muon background to float freely [24] . We find χ with α = 0.869 and β = 0.184, and confirmed that the confidence regions for the standard 3ν oscillation from our analysis agree with those in Ref. [24] .
To obtain the exclusion regions for the combined IceCube and DeepCore data in the 3+1 scenarios, we calculate ∆χ Table I . We find an allowed region that is consistent with the LSND and MiniBooNE data for each case. The best-fit parameters in both cases are consistent with Eq. (9). The exclusion regions for the 3+1 scenario in the presence of NSI are shown as the blue [red] lines in Fig. 4 for case (a) [(b) ]. We see that the LSND and MiniBooNE allowed region is consistent with IceCube/DeepCore data in the presence of large NC NSI in the active neutrino sector, or large NC NSI in the sterile neutrino sector and small NC NSI in the active neutrino sector.
Other data. The Super-Kamiokande (SK) experiment has collected atmospheric neutrino events with energies lower than at DeepCore. We checked that the differences of the survival probabilities between the NSI and 3ν cases are within the statistical uncertainties for two SK multiGeV energy bins [27] ; see Fig. 5 . For the sub-GeV events at SK, systematic uncertainties are very large due to the poor angular correlation between the neutrino and outgoing lepton [28] . Solar neutrino propagation is sensitive to modifications of the matter potential. To analyze solar neutrino data, we follow the procedure of Ref. [29] in conjunction with the Standard Solar Model fluxes [30] . The survival probabilities obtained from the Borexino measurements of the pp [31] , 7 Be [32] , and pep neutrinos [33] , and the SNO CC measurement of the high energy ( 8 B and hep) neutrinos [34] , are the four data points in Fig. 6 . The survival probabilities for the 3ν and NSI cases are also shown. We find χ 2 = 1.79 and 2.13 for the 3ν and NSI case, respectively, demonstrating compatibility of the 3+1+NSI scenario with current solar data. Note that since NSI shift the upturn in the survival probability to lower energies, the tension between KamLAND and 8 B neutrino data is eased.
We mention in passing that data from the appearance channels at current long-baseline experiments cannot distinguish between the 3ν and NSI cases.
Summary. MINOS+ and IceCube data present a challenge to an explanation of the LSND/MiniBooNE anomaly with the simple 3+1 model. If the measurements of these experiments are accepted prima facie, the 3+1 model must be extended by introducing baroque new physics to make the data compatible with each other. We find that effects of the sterile neutrino at MINOS+ can be canceled by CC NSI at the detector via and NC NSI parameter values required do not impact the data taken by the MiniBooNE and LSND experiments. A global fit of the 3+1+NSI scenario is needed to conclusively confirm our findings.
The CC NSI parameter udL µµ can be directly constrained at the DUNE [35] and MOMENT [36] experiments. Also, large diagonal NC NSI will lead to a modification of the matter potential, which will be tested at future longbaseline experiments [37] . A study of early universe cosmology in the 3+1 scenario with CC and NC NSI is underway by a subset of us.
